INTRODUCTION
The superoxide dismutases (SOD) are abundant enzymes in aerobic organisms, with highly specific superoxide dismutation activity that protects the cell against the harmfulness of free oxygen radicals (Fridovich, 1986) . These enzymes have active centers that contain either iron or manganese, or both copper and zinc (Fridovich, 1986) . They have a complex evolutionary history (Kwiatowski, 1987) . The Cu,Zn SOD is a well-studied protein, found in eukaryotes but also in some bacteria (Steinman, 1988 The amino acid sequence is known in many organisms, plant, animals, fungi, and bacteria (Kwiatowski et al., I991a) . The three-dimensional structure has been determined at a 2-A resolution in cows (Tainer et al., 1982) ; it is conserved in humans (Getzoff et al., 1989) and presumably in bacteria (Bannister and Parker, 1985) . The amino acids essential for catalytic action , as well as those for protein structure, are strongly conserved (Getzoff et al., 1989) . The exoniintron structure of the gene is known in humans (Levanon et al., 1985) , several Drosophila species (Kwiatowski and Ayala, 1989; Kwiatowski et al., 1989a,b) , the fluke (Simurda et al., 1988) , maize (R. Cannon, personal communication), and Neurospora (Chary et aZ., 1990) . Humans and Drosophila share a common intron site, but the location of all other introns varies in different groups of organisms.
The Mediterranean fruit fly, Ceratitis capitata, is a cosmopolitan pest of great agricultural interest because it feeds on fleshy, succulent fruits. Ceratitis belongs to the family Tephritidae, which is closely related to the Drosophilidae.
The phylogenetic divergence of these two families is dated about 80 million years (my) ago, which corresponds to the radiation of modern mammal families, for which the possibility of a greatly accelerated rate of SOD evolution has been raised (Ayala, 1986) .
MATERIALS AND METHODS
Cloning of the Sod gene. A genomic library of C. capitata cloned into a BamHI site of A EMBL4 (titer 2 x lo7 pfu/ml), constructed by M. Rina and B . Savakis at the IMBB Research Center of Crete, Greece, was made available by Dr. D. King of Harvard University. Phages (2.5 x 105) were plated and transferred to nylon filters (colony/plaque screen, NEN-DuPont). The filters were hybridized under low stringency conditions (Church and Gilbert, 1984) with 32P-labeled cDNA of D. melanogaster Cu,Zn Sod (obtained as an insert in plasmid pUC13 from Dr. Gordon M. Tener; see Seto et al., 1987b) . The filters were incubated in the hybridiza-tion buffer (7% SDS, 1% BSA, 250 mM NaCl, 10% PEG 8000,100 mM EDTA, and 500 mM sodium phosphate, pH 7.2) at 55°C for several hours and then hybridized for 2 days in the same buffer with radioactive probe and 200 Fg/ml of salmon sperm DNA. The filters were washed successively in 2 x and 1 x SSC at 55°C for 2 h each, covered with plastic film, and autoradiographed for 72 h at -70°C with two intensifying screens. Positive clones were further purified in two subsequent steps of rescreening.
DNA from the purified clones was obtained by the plate lysate method (Maniatis et al., 1982) , digested with appropriate restriction enzymes, electrophoresed, and subjected to Southern blot transfer (Southern, 1975; Reed and Mann, 1985) in order to identify the DNA fragments carrying the Sod gene. Appropriate fragments were subcloned into pGEM4Z or pUC19 vectors for further analysis (see Fig. 1 ). PCR amplification and subsequent cloning of the product were performed as described in Kwiatowski et al. (1991b) . The PCR primers are shown in Fig. 2 .
DNA sequence analysis.
The plasmid DNA was purified by small-scale alkaline lysis (Maniatis et al., 1982; Ausubel et al., 1987) , analyzed by restriction digests, and subcloned into the pUC19 vector for sequencing. The DNA sequences of the restricted fragments were determined by the dideoxynucleotide chain-termination method @anger et al., 1977) of subclones of pUC19 and/or pGEM4Z plasmids. Before sequencing, 2-5 pg of double-stranded DNA from a minipreparation was denatured by heating at 95°C for 5 min in 10 pl of a solution with the annealing buffer (Sequenase kit) and 2 ~1 of a 1 FM solution of the appropriate sequencing primers and incubated at 37°C for 20 min and at room temperature for another 10 min at least. The sequencing reactions followed the manufacturer's (U.S. Biochemical Corp.) protocol using modified phage T7 DNA polymerase (Sequenase) (Tabor and Richardson, 1987) with [32PldATP (Amersham; 3000 Ci/mmol) as the radioactive component. After electrophoresis, 6% gels were dried at 80°C without fixing and autoradiographed overnight.
Computer-assisted sequence analysis. DNA and protein sequences were analyzed using the University of Wisconsin Genetics Computer Group Sequence software package, Version 5.2 (Devereu et al., 1984) , and the Ligase package written by Mr. Robert Tyler in our laboratory. Phylogenetic analyses were made with the PHYLIP 3.2 package (Felsenstein, 1989) .
RESULTS
Cloning and sequencing of the Cu,Zn Sod gene. Sod gene region of the Mediterranean fruit fly, C. capitatn. Top: Restriction map of a 4-kb fragment with exons shown as black rectangles; the symbols for the restriction sites represent EcoRI (RI), EcoRI* CR*), Hind11 (H2), SaZI @a), ScaI (SC), and XbaI (XI). Various subclones are indicated as thick double-headed arrows. The thin arrows represent the direction and extent of sequencing; three custom sequencing primers are shown as short bars labeled 1100, N, and C.
(Tephritidae). Ten colonies with positive hybridization signals were obtained when a genomic phage library of C. capitata was screened with a Cu,Zn Sod probe from Drosophila melanogaster. The DNA of all positive colonies gave identical patterns of hybridization bands upon digestion with various restriction endonucleases (data not shown), indicating that all 10 colonies had DNA fragments encompassing the same Sod gene. The partial restriction map of a 4-kb fragment comprising the gene is shown at the top of Fig. 1 .
Two EcoRI fragments, 1.0 and 3.0 kb long (bottom, Fig. l>, were subcloned for sequencing purposes. We ascertained that these two fragments are contiguous by sequencing through the EcoRI site in the middle of the clone labeled ccPCR in Fig. 1 , which was obtained by PCR amplification of the phage DNA using as primers carboxy-and amino-end oligomers of the Sod coding sequence that are shared by a number of Drosophila species (unpublished data from our laboratory). Nucleotide sequencing was carried out on four subclones of smaller fragments (~~650, ~~350, cc8, and ~~1100, bounded by EcoRI, EcoRI*, HindII, and ScaI sites; see Fig. 1 ) by means of (1) standard Ml3 vector sequencing primers, (2) our PCR primers, and (3) a primer specifically synthesized to sequence the polyadenylation-signal region, which is included in fragment ccl100 within a long segment bounded by ScaI and Sal1 that lacks any sites for the endonucleases used.
No nucleotide-site differences were observed in three independent sequences of the coding region obtained from two different phage clones and from a PCR clone KWIATOWSKI, SKARECKY, AND AYALA from a third phage. We have, therefore, no evidence towski and Ayala, 1989; Kwiatowski et al., 1989a,b) , for the presence of more than one copy of the Cu,Zn all of which show sharply defined boundaries between Sod gene in the Cerutitis genome, a possibility sug-highly conserved and poorly conserved regions at the gested by Fernandez- Sousa and Michelson's (1976) ob-intron splice sites and at the start and stop codons. servation of two activity bands upon electrofocussing Evolutionary comparisons between species are also of a Ceratitis protein extract. effective for identifying putative promoter and enhancer sequences (Blackman and Meselson, 1986;  Gene structure.
The coding region was defined by Efstratiadis et al., 1980) . comparing the Sod sequence of Cerutitis with those of Figure 2 gives the nucleotide sequence of the Ceratiseveral Drosophila species (Seto et al., 1987a,b ; Kwiatis gene, as well as the inferred amino acid sequence. Sod gene in C. capitota.
The inferred amino acid sequence of the polypeptide is shown below the corresponding codons, starting with the initial methionine; the stop codon is indicated with a triple asterisk; and the amino acids are numbered in italics at the right margin. Putative regulatory sequences are underlined. Lines above the sequence represent three custom oligonucleotide sequencing primers, with mismatches shown in lowercase; two of these primers (represented by N and C in Fig. 1 ) were also used for PCR amplification of phage DNA.
The 462~nucleotide-long coding sequence exhibits high similarity with the equally long coding sequence of three Drosophila species, melanogaster (Kwiatowski et al., 1989b) , simulans (Kwiatowski et al., 1989a) , and uirilis (Kwiatowski and Ayala, 1989 ). The exon/intron structure is different in Ceratitis, where two introns exist, and in the Drosophila species, which have only one. The first intron is most probably homologous in Ceratitis and the Drosophila species, since in all of them it is located between the 22nd and 23rd codons (Fig. 3 ). This intron is 665 bp long in Ceratitis but varies in Drosophila between 321 bp (0. subobscura, our unpublished results) and 725 bp (D. melanogaster, Kwiatowski et al., 1989b) . A possibly homologous intron is found at the same location in the human gene, in which four introns exist in all (Levanon et al., 1985) . The second intron of Ceratitis is rather short, 79 bp in length, and is located between codons 95 and 96, which occur within an evolutionarily highly variable region of the polypeptide (see Ayala, 1986, and below) . No intron occurs at this location in humans or in Neurospora (Chary et al., 1990) , fluke (Simurda et al., 1988) , or maize (Cannon, personal com-N 81 I 82 II munication). However, a homologous intron, placed between codons 95 and 96, exists in a closely related dipteran species, Chymomyza amoenu (Kwiatowski et al., 1992) . The presence of the second intron in the two genera, Ceratitis and Chymomyza, and its absence from the Drosophila species suggest that it was present in the ancestral dipteran lineage but was lost early in the evolution of the Drosophila genus, before the split of the two subgenera, Drosophila and Sophophora (see Discussion below).
The two introns are bounded in all the Cu,Zn Sod dipteran genes by the consensus pairs 5'-GT. . .AG-3' (Breathnach and Chambon, 1981) . The relative size of the two Sod introns is consistent with the observation that in dipteran genomes the first intron from the 5' end is usually larger than introns toward the carboxyl end of the protein (Cherbas et al., 1986; Hawkins, 1988; Riley, 1989 A+T content in the introns than in the surrounding coding sequences (Csank et al., 19901 , a difference that has been shown to be important for splicing in plants (Goodall and Filipowicz, 1989) and might have similar significance in dipterans. The C + G content of the Sod coding region is lower in C. cupitutu (47%) than in D. mehnoguster (60%), which exhibits a strong bias toward codons ending with these bases (74.7% versus 41.6% in Cerutitis). The bias toward excess C + G use in the third position is also present in other melunoguster genes: the average is 63.3% in 412 genes (calculated from data in Gen-Bank 63, produced by J. Michael Cherry of Harvard University). In four other Cerutitis genes for which the sequence is known (two chorion and two vitellogenin genes), the average C +G third-position content is 46.6% (calculated from data in Rina and Savakis, 1991) . The use of codons ending with G drops from 46% in D. melanoguster Sod to about 15% in any of the Ceratitis genes. It can be seen in Table 1 that codon preferences for the Sod gene are quite different in D. melunogaster and in Cerutitis, in which they are much more similar to the codon preferences found in either the chorion or the vitellogenin genes (Konsolaki et al., 1990; Rina and Savakis, 1991) .
Evolution of Cu,Zn Sod. Figure 3 displays the amino acid sequence of the Cu,Zn SOD polypeptide in four dipteran species, inferred from the nucleotide sequence of the corresponding Sod genes. (The polypeptide sequences of D. simuluns and D. melanogaster are identical and hence only one of these two is shown.) Note. For each codon, the number and frequency of use are given for the Ceratitis Sod gene; only the frequency is given for the other two genes.
a Data from Konsolaki et al. (1990) . * Data from Kwiatowski et al. (1989b) .
The coding region translates in all species into 153 amino acids, which makes the sequence alignment obvious. The first and last amino acids are, however, removed from the mature protein in D. melanogaster, the amino acid sequence of which was obtained in our laboratory (Lee et al., 1985) . It seems likely that the final amino acid, even though post-translationally removed, is functionally significant since it is evolutionarily conserved (isoleucine is present in three species and has been replaced by the functionally equivalent valine in D. simuluns and D. mekznoguster).
Identical residues are present in all five species at 111(72.5%) of the 153 sites. The conserved amino acids include all residues engaged in catalytic activity and all but two of the residues involved in maintaining protein structure. The two exceptions are residues (at sites 112 and 151) that have been postulated in mammals to be involved in dimer formation (Getzoff et al., 1989) . Table 2 gives the number of amino acid differences (above the diagonal) between the sequences of the five dipterans. The number of nucleotide differences between the coding sequences is also given (below the diagonal). The results are summarized in Table  3 , where the average values have been obtained for comparisons between increasingly more inclusive sister lineages. The effect of superimposed and back mutations is corrected by the PAM method (Dayhoff, 1978, p. 375) . The corrected values have been normalized relative to the D.viriZislmeZunoguster + simulans values.
Comparison between amino acid and nucleotide normalized values suggests that at the nucleotide level the Chymomyza lineage has evolved faster (or, alternatively, at the amino acid level slower) than the Cerutitis or the Drosophila lineages.
DISCUSSION lntron evolution.
The origin and evolution of introns have been the subjects of much debate. Although there is evidence that group I as well as group II in- trons can integrate into genes (Lambowitz, 1989) , the prevailing view is that introns have existed from the start of protein evolution, and even that they may derive from the early "RNA world" that preceded the appearance of DNA organisms (Doolittle, 1987; Gilbert, 1987) . The discovery that group I introns are shared by chloroplasts and cyanobacteria (Kuhsel et al., 1990; Xu et al., 1990) supports the existence of introns at least by the time of the eukaryote/prokaryote split. The early occurrence of introns is also supported by the intron distribution of some genes, such as triosephosphate isomerase (Gilbert et al., 1986) . Nevertheless, the distribution of introns in tubulin and actin genes, for example (Dibb and Newman, 19891 , indicates that introns have not only been evolutionarily deleted but also inserted into coding sequences.
The evolution of Cu,Zn Sod manifests the occurrence of both insertion and deletion of introns at different positions in the coding sequence. Figure 3 indicates (arrows below the sequence) the positions of introns in five distantly related organisms: Homo sapiens (Hs; data of Levanon et al., 19851, dipterans (Drosophila species, D; Kwiatowski et al., 1989a,b; Kwiatowski and Ayala, 1989 ; Ceratitis capitatu and Chymomyzu amoena, C; this paper and Kwiatowski et al., 1992) , Schistosomu mansoni (Sm; Simurda et al., 1988) ; Zeu (NC; Chary et al., 1990) .
Evidence for intron insertion derives from the observation that all 13 intron sites are unique to each type of organism, except for the site between amino acids 22 and 23, which is shared by humans and dipterans. In order to avoid postulating that intron insertions have occurred, one would have to postulate an ancestral gene with numerous introns, which seems extremely unlikely on the face of the evidence at hand (plus the likelihood that more intron sites will yet be discovered as the variety of organisms studied increases). One must, of course, consider the possibility that some intron sites are homologous but have changed their position in the amino acid sequence through evolution. Some intron sites are closely located: Neurosporu and maize at 61 and 63; Cerutitis and maize at 94 and 96. But it seems unlikely that these are homologous, i.e., that they are derived from a preexisting intron located at a particular position accompanied by the insertion/deletion in one or both organisms of one (or two) amino acid on either side of the intron. The evolutionary conservation of an intron site would seem particularly unlikely when it involves a reading-frame shift, as in the case of residue 95, flanked by dipteran and maize introns. Two evolutionarily independent intron insertions in the two lineages, or one deletion followed by one insertion, in one of the lineages, would seem more probable. In any case, intron insertions must have occurred at sites that are far removed from each other, unless we postulate the presence of very many introns in the ancestral gene.
The data presented in this paper support the evolutionary deletion of an intron site in the Sod gene. Figure 4 outlines the phylogeny of the three dipteran genera Cerutitis, Chymomyzu, and Drosophila. All the 30 or more Sod Drosophila genes sequenced in our laboratory have only one intron, always between codons 22 and 23. The sequences published include D. uirilis (Kwiatowski and Ayala, 1989) , which belongs to the Drosophila subgenus, and D. melanogaster and simuluns (Kwiatowski et al., 1989a,b) , which belong to the other major subgenus, Sophophora. All Drosophila species lack the second intron, between codons 95 and 96, found in the two other dipteran genera. The most par- simonious explanation of this state of affairs is that both introns were present in a common dipteran ancestor, but the second intron was deleted in the Drosophila lineage, shortly after its divergence from the Chymomyza lineage and, in any case, before the split of the two subgenera, Sophophora and Drosophila.
An alternative explanation requires two evolutionary events: the insertion of an intron independently in the Cerutitis and the Chymomyza lineages. That this insertion would occur independently at precisely the same site, between residues 95 and 96, would seem prima facie unlikely. Introns, however, tend to be inserted in "proto-splice" sites, which persist in the DNA sequence as a consequence of functional constraints in the primary structure of the protein (Dibb and Newman, 1989) . As shown in Fig. 5 , the tetranucleotide AGGT, which is a possible proto-splice site, is preserved in some Drosophila species lacking the second intron. As a consequence of the 5'-GT. . .AG-3' rule of intron flanking (Breathnach and Chambon, 19811 , the AGGT tetranucleotide sequence becomes repeated at the intron/exon boundaries, which makes the repeated evolutionary insertion of an intron at this particular site plausible. The issue can be settled by sequencing the Sod gene in dipteran species from lineages that are outgroups of those represented in Fig. 4 .
The fickleness of the intron/exon structure of the Cu,Zn Sod gene over evolutionary history (Fig. 3) contrasts with the enduring conservation of the number and location of introns in other genes, such as those coding for globin proteins (Hardison, 1991) . Two introns located at equivalent positions occur in all functional vertebrate genes, although the original duplication from which derive the a-like and p-like hemoglobin genes occurred about 450 million years ago, and the hemoglobin/myoglobin duplication is at least 500 my old. Both introns have been deleted in the midge Chironomus tummi (Antoine and Niessing, 1984; see below), but they are present and at the same splice locations in the gene for plant globins (Brisson and Verma, 1982) , which diverged from the other globins at the time of the plant/animal ancestral split, perhaps one billion years ago. The plant globin genes have, however, a third intron that splits the animal middle exon into two (Jensen et al., 1981; Landsmann et al., 1986; Bogusz et al., 1988> , and which is postulated to have existed in the ancestral globin gene but became lost in animal evolution (Ga, 1981 The intron/exon structure observed in Cerutitis is rather typical of dipteran genomes. Usually, as noted above, whenever more than one intron occurs in a gene, the first one from the 5' end is longer: in C. cupitutu the lengths of the two introns are 665 and 79 bp. In contrast to the vertebrates, which typically have large genomes and genes punctuated by large introns, dipterans have compact genomes with few and small introns (Hawkins, 1988) . In view of these observations, and of the evidence herein presented favoring the evolutionary deletion of the second intron in the Drosophila lineage, we suggest that there is a general trend in the evolution of the Diptera favoring intron size reduction and even elimination. This trend toward reduction and elimination of introns parallels the one postulated to have led long ago to the total elimination of introns in the eubacteria, and might be similarly motivated by a tendency toward the reduction of any unnecessary DNA load.
Comparison of the two very closely related (and morphologically nearly indistinguishable) species D. melanogaster and D. simulans indicates that nucleotide deletion/insertion is much more prevalent than substitution in the intron evolution of Cu$n Sod (Kwiatowski et al., 1989a) . Moreover, there is a highly conserved 26-bp-long stretch that starts 60 bp downstream from the 5' end of the intron. The incidence of nucleotide substitutions between D. melanogaster and D. uirilis, which diverged some 50 my ago, is only 12% within this stretch, whereas it is 19% in the coding sequence (Kwiatowski and Ayala, 1989) . A trace of the conservation of this stretch can be detected in C. cupitutu (sites 321-345 in Fig. 2; see Kwiatowski et al., 1992) . This stretch is likely to have regulatory or some other function. Regulatory sequences have been identified in dipteran genes within the introns, most often within the first and longer one (Gasch et al., 1989; Bruhat et al., 1990) .
Protein structure and function us sequence evoZution. The structure of the Cu,Zn SOD protein has been ascertained in mammals (Tainer et al., 1982 Getzoff et al., 1989) . Figure 3 shows the relevant features, superimposed on the amino acid sequence. The polypeptide can be divided into eight regions made up of eight anti-parallel p-sheet structures that constitute the backbone of the molecule and are connected by seven hinge random-coil segments. Two of the random coils form the active site region: they bind the two metals copper and zinc and create the electrostatic channel that attracts the substrate molecules (Tainer et al., 1982; Getzoff et al., 1983) .
The variable positions in the dipteran SODS are mostly located in and around hinge regions without known functional significance.
A good example is hinge region II, where at each of the four sites (23-26) there occur polar and nonpolar amino acids (as well as charged ones at two positions, 23 and 25) in just the four sequences given in Fig. 3 . The two fairly variable regions of the molecule (sites 22-41 and 87-112) are defined by residues forming two antiparallel 8 strands (83 and 86) that are adjacent in the three-dimensional structure, plus the four loops flanking them (II, III, V, and VI). These regions, which are obviously variable already in the dipteran sequences, are also conspicuously variable when other species, including mammals, fungi, and plants, are also compared (Lee et al., 1985; Ayala, 1986; Kwiatowski et al., 1991a) . No functionally significant residues are found in these two regions, with the possible exception of leucine 105, which stabilizes the P-barrel structure (Getzoff et al., 1989) . One of the two dipteran introns is located in each of these two regions. The three largely conserved regions of the SOD polypeptide are made up of the remaining 8 strands (81, 82, 94, 35, 87, and 88) , which contain various functionally significant residues, plus the two large loops that surround the active site (Tainer et al., 1982) .
On the three-dimensional structure, the variable portions of the molecule mentioned above, made up of P-hairpin and random coil secondary-structure elements, appear as a patch on the surface of the protein-a patch devoid of any function other than contributing to the structural backbone of the protein. On the contrary, the remainder of the protein sequence is engaged in essential catalytic or structural function. Thus, the position of variable residues is not dependent on the secondary structure of the protein per se, but is rather determined by which residues do or do not contribute to the enzymatic activity or structural integrity of the molecule, which is in turn precisely determined by the three-dimensional structure of the protein.
A similar state of affairs occurs in cytochrome c, one of the best studied proteins from both the evolutionary and the structural perspective. An analysis of 60 eukaryotic sequences (Dickerson and Timkovich, 1975 ) evinces the presence of some "hypervariable" regions including a total of 11 sites (out of 105), at each of which 8-10 different amino acids are found at any one position among the 60 species. Although some hypervariable sites are located proximal to each other on the primary sequence, the 11 sites are spread throughout the sequence (positions 3,54, 58,60,62,65, 88,89,92, 100 , and 103; see Table 5 and pp. 423-429 in Dickerson and Timkovich, 1975) . On the three-dimensional structure, these sites lie mostly on the surface in the back side of the molecule. Margoliash et al. (1972) found that when the three-dimensional location of all variable (not just the hypervariable) positions in cytochrome c is examined within a group of related organisms, such as mammals, insects, or fungi, the variable sites cluster as patches on the surface of the molecule at locations that vary from group to group. In the mam-mals, for example, the variant residues occur on the surface in a band in front, above, and behind the heme. Although individual cytochromes may differ in as many as 63 amino acids (Dickerson and Timkovich, 1975, p. 411) , the set of variable sites becomes disproportionally smaller as more and more closely related organisms are examined. Fitch and Markowitz (1970) have developed the concept of "concomitantly variable codons" (or "covarions") to refer to the inferred number of residues that can accept replacements in any one species, which in the case of cytochrome c is estimated as 10 (see also Margoliash et al., 1972; Dickerson and Timkovich, 1975, pp. 449-450) . The concept of covarions may help in understanding the apparently erratic rate of evolution of SOD (Lee et al., 1985; Ayala, 1986; Kwiatowski et al., 1991a) . In terms of the covarion hypothesis, the rate of SOD evolution within a group of organisms, such as the mammals or the Drosophilidae, is high (30 replacements per 100 amino acids per 100 million years) because there are a relatively large number of covarions (about 20% of all sites), but when organisms from different groups are compared, such as mammals with Drosophilidae, the rate becomes much lower (less than 10 replacements per 100 amino acids per 100 million years; see Lee et al., 1985; Ayala, 1986) because of the constraints imposed by the functional and structural requirements of the SOD protein.
conclude that the rate of evolution of SOD is approximately the same in mammals and in dipterans (see also Kwiatowski et al., 1991a) .
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